Liver failure after resection for liver cancer is associated with increased patient mortality. This study aimed to investigate the mechanism of the protective effects of resveratrol, a natural plant-derived compound, on liver injury in a rat model of partial hepatectomy.
Background
Worldwide, hepatocellular carcinoma (HCC), or primary liver cancer, is one of the leading causes of cancer-related death [1] [2] [3] . According to the data from International Agency for Research on Cancer, the global incidence rate of liver cancer continues to rise, with more than 222,000 new cases reported in the United States in 2016 [4, 5] . Despite recent advances in diagnosis and treatment, liver cancer remains difficult to treat and has a high morbidity rate [6, 7] . Patients diagnosed with early-stage liver cancer can be treated by local surgical resection or liver transplantation [7, 8] . However, the high recurrence of liver cancer, which is more than 70% at 5 years, remains a major problem following treatment [9] [10] [11] . Among the available treatment options, surgical resection is the most effective and provides the best prognosis for longterm survival for patients with liver cancer [12, 13] . However, major hepatic resection, defined as the resection of more than four liver segments, may result in postoperative liver failure, which is the major cause of death after liver resection [14] . The liver is highly vascular, which increases the difficulty of surgery [15] . Also, as well as bleeding, hepatic portal vein occlusion can result in ischemia-reperfusion injury resulting in postoperative damage to liver function and distal effects on the lung, kidney and other major organs [16] . Therefore, it remains important to investigate treatments to prevent postoperative liver failure.
Resveratrol, or trans-3,5,4'-trihydroxystilbene, is a compound produced by several plants that counteract environmental stress that has been shown to be a promising agent in the prevention of several human diseases, including cancer [17] [18] [19] . Polygonum cuspidatum, which contains a high level of resveratrol, is a plant that has been used for thousands of years in traditional Chinese medicine to protect against inflammation [20, 21] . The effects of resveratrol were studied by Jang et al. in 1997, who showed that resveratrol could protect mice against skin cancer in an animal model [22] . Following this initial study, interest in the therapeutic effects of resveratrol gained worldwide attention. There have now been numerous in vivo and in vitro studies that have shown the anti-tumor effects of resveratrol for both cancer initiation and progression [23] . Recently, resveratrol was reported to promote organ recovery after tumor resection. However, the role of resveratrol in liver damage following liver resection remains unclear.
High mobility group box 1 (HMGB1), belonging to high mobility group protein superfamily, is a type of non-histone widely exists in eukaryotic cells [24] . HMGB1 mainly exists in the nucleus under normal circumstance, with the function of maintaining nucleosome structure, regulating DNA repair and transcription through combining with DNA specific sites [25, 26] . It was reported that HMGB1 could mediate immune and inflammatory reaction by activating nuclear factor-kB (NF-kB), and interleukin-1b (IL-1b) signaling pathways, receptor for advanced glycation end product (RAGE)-dependent signaling, and Toll-like receptor 2 (TLR2), and TLR4 [26] . HMGB1 is an important inflammatory mediator that has a critical role in liver disease, including ischemia-reperfusion injury, liver transplantation, viral hepatitis, liver fibrosis, and liver cancer [27] [28] [29] [30] [31] [32] . HMGB1 can be released by the injured liver cells to prolong the inflammatory response, which can affect the progression of liver disease [33] . However, the mechanisms underlying HMGB1 synthesis, the receptors for HMGB1, and the intracellular pathway of HMGB1 remain unknown.
Sirtuin 1 (SIRT1) is a nicotinamide adenine dinucleotidedependent histone deacetylase that participates in gene transcription, energy metabolism, aging, oxidative stress, and inflammation through deacetylation [34] . Currently, a total of seven mammalian sirtuin homologs have been identified that include SIRT1-7, which are distributed in different regions of the cell. SIRT 2, 6, and 7 are mainly located in the nucleus, SIRT 2 is mainly located in the cytoplasm, SIRT3, 4, and 5 are mainly found in the mitochondria, and SIRT1 is distributed in both the cell cytoplasm and nucleus [35] . The level of SIRT1 in normal liver tissues is very low but has been shown to be overexpressed in liver cancer tissues and cell lines, indicating that SIRT1 may play an important role in liver cancer [36] .
Previous studies have shown that the process of translocation of HMGB1 from the cell nucleus to the cytoplasm could be influenced by several post-translational modifications, including acetylation, methylation, and phosphorylation [37, 38] . Recently, SIRT1, as a member of NAD-dependent class III histone deacetylase (HDAC), has been reported to regulate the acetylation levels of HMGB1, and to inhibit HMGB1 nuclear translocation and release [39, 40] . Therefore, this study aimed to investigate the mechanism of the protective effects of resveratrol, a natural plant-derived compound, on postoperative liver injury in rats, by evaluating HMGB1 acetylation and the role of SIRT1.
Material and Methods

Experimental animals and treatment
A total of 60 male Sprague-Dawley (SD) rats weighing 200-220 g were purchased from the University of Southern California and maintained at 24°C with a 12-hour light/dark cycle, relative humidity of 60%, and free food and water. All the experimental protocols were performed in accordance with the guidelines of the Laboratories Institutional Animal Care and Use Committee of the University of Southern California. The rats were divided into the sham group (n=20), the liver resection group (n=20), and the liver resection plus resveratrol-treated group (n=20).
The rats in liver resection group and resveratrol-treated group underwent resection of two-thirds of the liver, and rats in the sham group had surgery without liver resection.
Resveratrol was given to the rats at a dose of 30 mg/kg/day from one week before surgery until death, while control rats received an equivalent volume of saline. The rats fasted on the day before surgery, and all surgery was performed in the morning. The rats were anesthetized by subcutaneous injection of urethane (1.2 g/kg) (Sigma-Aldrich, St Louis, MO, USA) and underwent surgery on the operating table while in the supine position. After opening the abdominal cavity, the left and middle lobes of the liver were exposed to ligate the pedicle, followed by excision and closure of the skin.
Cell culture
Normal human liver cells and HepG2 liver cancer cells were obtained from the Shanghai Institute of Cell Biology (Shanghai, China). All cells were maintained in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS), 100 U/ml penicillin, and 100 μg/ml streptomycin at 37°C in a cell incubator with 5% CO2 and 95% air.
Biochemical markers of liver function
Alanine aminotransferase (ALT), aspartate aminotransferase (AST), total bilirubin, and g-glutamyl-transferase (g-GT) levels in the serum samples from sham, liver resection, and resveratrol-treated groups were determined by commercial kits following the protocols obtained from the manufacturer (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Blood samples were collected from each group of rats, and serum was separated by centrifuging at 5000 rpm for at least 15 min.
Enzyme-linked immunosorbent assay (ELISA) for measurement of serum levels of high mobility group box 1 (HMGB1)
The relative expression level of HMGB1 in serum samples in the sham, liver resection, and resveratrol-treated groups was evaluated using an ELISA kit obtained (Abcam, Cambridge, MA, USA), according to the manufacturer's instructions.
Western blot
Lysis buffer was mixed with the serine protease inhibitor phenyl methyl sulfonyl fluoride (PMSF) to a final concentration at 1 mM. A total of 100 mg of fresh liver tissue was added to the lysis buffer and minced at 4°C for 15 min. After centrifuging at 14,000 rpm for 15 min, the supernatant was collected in a new Eppendorf tube. The protein concentration was determined by the bicinchoninic acid (BCA) assay, and the protein was stored at -20°C. Total protein was separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a polyvinylidene fluoride (PVDF) membrane. The membrane was incubated with a primary rabbit antibody to SIRT1 (1: 10000) (ab32441, Abcam, Cambridge, MA, USA) and a primary rabbit antibody to Ac-HMGB1 (1: 1000) (LS-C413273, Lifespan, Providence, RI, USA) at 4°C overnight and washed with TBS. After incubation in the secondary antibody (1: 1000) at 37°C for 2 h, the membrane was developed using the chemiluminescence method and the band was analyzed using Image Lab software (Bio-Rad, Hercules, CA, USA).
Light microscopy with hematoxylin and eosin (H&E) staining
Rat liver tissue was fixed in 4% paraformaldehyde, dehydrated, and paraffin-embedded. Tissue sections were cut at 4 μm onto glass slides. After dewaxing in xylene and graded alcohols, the rat liver tissue sections were stained with hematoxylin and eosin (H&E) and viewed by light microscopy.
Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining for cell apoptosis
Rat liver tissue sections were incubated in 3% hydrogen peroxide and methanol for 10 min, and then further incubated with 0.2% Triton X-100 for 5 min. After washing twice in PBS, the tissue sections were treated with 50 μl of TUNEL reagent and incubated at 37°C in the dark for 1 h. After washing three times in PBS, the TUNEL staining for apoptosis was observed under a fluorescence microscope.
Periodic acid-Schiff (PAS) staining and human dilacetylated low-density lipoprotein (Dil-Ac-LDL) staining Treated normal human liver cells and HepG2 liver cancer cells were fixed with 4% paraformaldehyde and incubated with 0.5% Triton for 10 min. Then, cells were stained by PAS and Dil-Ac-LDL (Thermofisher Scientific, Waltham, MA, USA) according to the standard protocols. Images were captured using a confocal microscope (Nikon, Tokyo, Japan).
Albumin production and ammonia elimination
Albumin production in the supernatant of treated normal human liver cells and HepG2 liver cancer cells was detected by the human serum albumin DuoSet enzyme-linked immunosorbent assay (ELISA) (R&D Systems, Minneapolis, MN, USA) according to the manufacturer's instructions. The ammonia concentration in the culture media was measured using an ammonia assay kit (Megazyme, Bray, Co. Wicklow, Ireland) according to the manufacturer's protocol. 
Statistical analysis
SPSS version 19.0 software was used for data analysis. Measurement data were presented as the mean ± standard deviation (SD). Gauss's homogeneity test of variance and the variables in a normal distribution were compared by the t-test and one-way analysis of variance (ANOVA). A P-value <0.05 was considered to be statistically significant.
Results
Effects of resveratrol on biochemical markers following liver resection
To investigate the effects of resveratrol on liver injury induced by liver resection, four biochemical markers of acute hepatic injury were evaluated in sham, liver resection, and resveratrol groups by commercial reagent kits, including alanine aminotransferase (ALT), aspartate aminotransferase (AST), g-glutamyltransferase (g-GT) and total bilirubin. There was a significant increase in serum levels of AST, ALT, g-GT, and total bilirubin levels in the liver resection group compared with the sham group ( Figure 1A-1D) . In contrast, resveratrol treatment significantly reversed the effects on the upregulation of AST, ALT, and g-GT induced by liver resection, as well as on the upregulation of total bilirubin that was induced by the loss of liver function ( Figure 1A-1D) .
Effects of resveratrol on liver injury by liver resection
Histology of the rat liver tissue evaluated the effects of resveratrol on liver damage due to liver resection, which showed normal liver parenchyma with clearly defined liver architecture in the sham-treated rat group. In the liver resection group, the liver tissue showed histopathological changes, including disorder of liver architecture, and mononuclear cell infiltrates. Histology of the liver tissues from the rats treated with resveratrol after liver resection showed a significant improvement in the liver morphology (Figure 2 ). 
Effects of resveratrol on the rate of cell apoptosis of liver cells after liver resection
To further evaluate the effects of resveratrol on liver cell apoptosis after resection, TUNEL staining was performed. The results showed that apoptotic liver cells were significantly increased in the liver resection group compared with the sham group. However, resveratrol reduced the increased apoptosis rate induced by liver resection (Figure 3) . These results indicated that resveratrol could reduce hepatic injury caused by liver resection in the rat model.
Effects of resveratrol on serum expression levels of high mobility group box 1 (HMGB1) in the serum of rats following liver resection High mobility group box 1 (HMGB1) expression was measured in the rat serum by enzyme-linked immunoassay (ELISA) in the sham, resection, and resveratrol-treated groups at 30 min, 24 h, 48 h, and 72 h after surgery. The results showed that the HMGB1 expression level was significantly increased in the liver
Sham
Liver resection Liver resection+resveratrol Figure 2 . Photomicrographs of the histology of the liver tissue of rats in the sham, liver resection, and liver resection plus resveratroltreated groups. Histology of the sham, liver resection, and liver resection plus resveratrol-treated rat groups. Hematoxylin and eosin (H&E). Magnification, ×100.
Liver resection Liver resection+resveratrol resection group compared with the sham group, while treatment with resveratrol significantly reversed the upregulation of HMGB1 induced by liver resection (Figure 4) .
Effects of resveratrol on the expression levels of sirtuin 1 (SIRT1) and acetylated HMGB1 (Ac-HMGB1) in rat liver tissue after liver resection
The protein expression levels of sirtuin 1 (SIRT1) and acetylated HMGB1 (Ac-HMGB1) were measured by Western blot in the sham, liver resection, and resveratrol-treated rat groups. Protein expression of SIRT1 was significantly downregulated in the liver resection group compared with the sham group. However, resveratrol treatment significantly reduced the downregulation of SIRT1 induced by liver resection ( Figure 5A ). Protein expression for Ac-HMGB1 was significantly increased in the liver resection group compared with the sham group, and treatment with resveratrol after surgery reversed the increase in levels of Ac-HMGB1 induced by liver resection ( Figure 5B ).
Effects of resveratrol on Ac-HMGB1-induced dysfunction of rat liver cells
To further investigate the effects of resveratrol, cultured liver cells were treated with Ac-HMGB1 followed by evaluation of their function. Treatment with resveratrol significantly improved the state of the liver cells, reducing the damage induced by Ac-HMGB1 treatment ( Figure 6A ). To further assess the protective effects of resveratrol on the rat liver cells, albumin production and ammonia elimination were measured in the cultured rat liver cells treated with Ac-HMGB1 alone (A-H) or Ac-HMGB1 and resveratrol (R+A). The results showed that the albumin production was significantly increased in the R+A group compared with the A-H group, in 293T and HepG2 cells ( Figure 6B ). Ammonia elimination of in vitro cultured liver cells was significantly increased in the R+A group compared with the A-H group ( Figure 6C ). These results indicated that resveratrol could reverse Ac-HMGB1-induced dysfunction in human liver cells in vitro.
Discussion
Clinically, liver resection is the most common and effective first-line treatment for liver cancer [12, 41] . However, liver resection may cause tissue injury, leading to the activation of inflammatory cells and the release of cytokines and inflammatory mediators [42] , which may affect liver structure and function, and lead to liver failure [15, 43] . Therefore, there remains a need to develop an effective strategy to overcome the complications associated with partial liver resection. Resveratrol, or trans-3,5,4'-trihydroxystilbene, is found in several dietary sources, including grapes, berries, and peanuts, and is a compound with therapeutic effects on a wide variety 
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of inflammatory disease, in malignancy, infection, and in ischemic injury [23, 44, 45] . Recently, increasing in vitro and in vivo published evidence has begun to support the effects of resveratrol on liver cancer [46, 47] . In the present study, an animal model of partial surgical resection of the liver was created by the removal of two-thirds of the liver in Sprague-Dawley (SD) rats. The effects of resveratrol following partial liver resection were investigated in this animal model.
There are more than 20 types of transaminase that are the important indicators for liver function. Alanine aminotransferase (ALT), aspartate aminotransferase (AST), g-glutamyl-transferase (g-GT), and total bilirubin are the most commonly used clinical indicators for the evaluation of liver function [48, 49] . The alteration of ALT, AST, total bilirubin, and g-GT following liver injury may be associated with trauma and changes in intraoperative blood flow and have an important role in the evaluation of liver function following surgery [50] . The findings of the present study indicated that the downregulation of ALT and AST, and the upregulation of total bilirubin, and g-GT induced by surgical resection could be abolished by resveratrol treatment in the rat model. Damaged to liver tissue and increased cell apoptosis caused by surgical resection could also be reversed by resveratrol treatment, which supported the protective effects of resveratrol on the liver in the rat model.
A previously published study showed that resveratrol treatment was protective against liver injury due to sepsis, through suppression of nucleocytoplasmic translocation of high mobility group box 1 (HMGB1) by upregulating sirtuin 1 (SIRT1) expression [40] . HMGB1 is a protein that is actively secreted by activated monocytes and macrophages, or passively released by necrotic or injured cells [25, 51] . HMGB1 can bind with DNA as part of the structure of chromatin in the cells, promoting specific DNA target protein assembly [52] . Post-translational modification, such as acetylation, phosphorylation, and methylation can affect the subcellular localization of HMGB1 [53] . HMGB1 acetylation plays an important role in the regulation of its secretion and release [54] . A recent study found that liver ischemia-reperfusion can significantly inhibit the activity of HDAC1, HDAC4, and HDAC5, thereby facilitating HMGB1 acetylation and release [55] . In macrophages, PARP-1 inhibits HMGB1 nuclear translocation and release by regulating HMGB1 acetylation [54] . The translocation of HMGB1 from the cytoplasm to the nucleus was found to be increased in acute liver failure, and suppression of HMGB1 levels has been shown to reduce organ damage caused by sepsis and systemic inflammation [56] [57] [58] . Also, overexpression of HMGB1 in hepatocytes significantly increased the risk of liver injury caused by sepsis [40] . In the present study, the expression and acetylation levels of HMGB1 in the liver resection group in the rat model were significantly increased when compared with the sham group, and resveratrol could abolish the overexpression and hyperacetylation of HMGB1 induced by liver resection.
SIRT1 has previously been shown to participate in multiple physiological processes, including gene transcription, energy metabolism, and inflammation [38, 59, 60] . Recently, studies have confirmed that SIRT1 expression induced by inflammation can promote HMGB1 acetylation, and accelerate its nuclear translocation and release [61, 62] . SIRT1 has also been shown to mediate the suppression of nucleocytoplasmic translocation of HMGB1 and the protective effects of resveratrol on liver injury induced by sepsis [40] . In the present study, downregulation of SIRT1 in liver tissues induced by surgical resection was abolished by resveratrol treatment. Furthermore, the protective effects of resveratrol were evaluated in vitro in cultured liver cells, which were treated with acetylated HMGB1 (Ac-HMGB1).
The results showed that the dysregulation of albumin secretion and impaired elimination of ammonia by liver cells cultured in vitro caused by Ac-HMGB1 could be reversed by resveratrol.
Conclusions
The findings from this study in a rat model of liver damage following partial liver resection, supported by in vitro studies, indicated that the natural compound, resveratrol, might have a protective role by inhibiting the expression and acetylation of high mobility group box 1 (HMGB1) by upregulating sirtuin 1 (SIRT1). The findings from this preliminary study in a rat model require support by further in vivo studies on the effects of resveratrol on liver injury caused by surgery. However, the findings indicate that resveratrol might be a compound that merits further investigation for its potential role in protecting the liver from injury following partial surgical resection.
